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Fig. 2.5 Cross—section of a containership (left: 3-D FE model, right: 2-D FE
model)

(o) Shear flow due to H.S.F (d) Shear flow due to warping torsion
Fig. 2.6 2—D analysis result of containership cross—section
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Table 2.1 Principle dimensions of the 6,250—TEU containership

Type Value
LBP (m) 286.3
Breadth (m) 40.3
Height (m) 24.1
Draft (m) 13.0
Total Weight (ton) 95276.0

Fig. 2.7 3-D FE model of the 6,250-TEU containership: outer shape (left) and
mid-ship part (right)
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Fig. 2.8 Cross—section properties of the 6,250-TEU containership
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Table 2.2 Bulkhead strain energy coefficients of the 6,250-TEU containership (m°)

H.B. V.B. Contraction Tor.
Support B.H. 19.699 0.236 0.154 1.319
Watertight B.H. 40.638 0.987 0.407 5.117

Table 2.3 Stool strain energy coefficients of the 6,250-TEU containership (m°)

H.B. Shear Tor.
Stool 33.854 1.492 2.603

b BAE B 72 2di 33 qetas mdd g

>

A2 sfAS #st] A Fukeet Al #EE Table 2.49F Fig. 2.99]

u|TSIE, THA BEQ 19 WEY Q] 1§ Fakgt b e

Table 2.4 Natural frequencies of the 6,250-TEU containership in dry mode (Hz)

Mode no. BEAM w/0 B.H. BEAM w/ B.H. 3-D FEM
7 (1-Tor.) 0.35 0.49 0.48

8 (2-H.B.) 0.64 0.72 0.75

9 (2-V.B) 0.80 0.80 0.80
10 (3-H.B.) 1.19 1.35 1.32
11 (3-V.B. 1.79 1.79 164
12 (4-H.B.) 1.70 1.87 1.75
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(c) 9—th mode of 2-node vertical bending
Fig. 2.9 Eigenvectors of the 6,250—TEU containership: shell model (left) and beam
models (right)
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Fig. 2.10 3-D FE model of 6,250-TEU containership
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(KRISO/KIOST, 2013). 7] @4 L HAA dHo| tfisiA Yal Al (drop

test) = TP = At

Table 3.1 Principal dimensions of 10,000— and 18,000-TEU containerships (full

scale)
Item 10,000-TEU 18,000-TEU
LBP 321.0m 382.0m
Breadth 48.4 m 58.0m
Draft 15.0m 144 m
Disp. 143741 ton 224009 ton
VCG 21.3m 23.3m
LCG 1525 m 177.6m
Natural freg. of
VB (wet m?) 1) 0.43 Hz 0.37 Hz

Damping ratio of

VB (wet mode) 2.0% of critical damp.

2.0% of critical damp.

Fig. 3.1 Segmented models of the containerships (top: 10,000-TEU containership;
bottom: 18,000—~TEU containership)
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noje] Ago] Sl Felolut olg A AFo2 RdY stolx BA} ¢

t} (Kim et al., 2012).
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Fig. 3.2 3-D FE model of the two containerships (upper: 10,000-TEU
containership; lower: 18,000-TEU containership)
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Fig. 3.3 Linear panel models the 10,000-TEU (left) and 18,000-TEU (right)
containerships

Fig. 3.4 Nonlinear panel models the 10,000-TEU (left) and 18,000—TEU (right)
containerships
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Fig. 3.6 Eigenvectors of 10,000-TEU containership (top: two—node VB; middle:
three—node VB, bottom: four—node VB)

Fig. 3.7 Eigenvectors of 18,000-TEU containership (top: two—node VB; middle:
three—node VB, bottom: four—node VB)
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Fig. 3.10 Super—harmonic springing responses of the 10,000—TEU containership in
head seas (upper: 2™ harmonic springing, T=8.2 s, H=5.0 m, 19.0 knots; lower: 3™
harmonic springing, T=10.9 s, H=5.0 m, 18.5 knots)
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Fig. 3.11 Super—harmonic springing responses of the 18,000—TEU containership in
head seas (upper: 2™ harmonic springing, T=9.0 s, H=5.0 m, 20.0 knots; lower: 3"
harmonic springing, T=12.0 s, H=5.35 m, 20.0 knots)
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Fig. 3.16 Time histories of motion and force signals (Model I, drop height of 170
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Fig. 3.31 Comparison of different high—frequency vibrations for the 10,000—-TEU
containership
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Fig. 3.32 Parametric analysis result of bow flare slamming and whipping for the
10,000-TEU containership (heading: 180 deg., speed: 18.0 knots)
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Fig. 3.33 Parametric analysis result of bow flare slamming and whipping for the
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Fig. 3.35 Parametric analysis result of stern slamming and whipping for the 10,000-
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Fig. 3.36 Parametric analysis result of mixed slamming and whipping for the
10,000-TEU containership (heading: 180 deg., speed: 5.0 knots)
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Fig. 3.37 Total VBM responses of the 18,000—TEU containership in irregular head
sea (Tp=16.9 s, Hs=11.5 m, 10.0 knots)
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Fig. 3.38 Springing and whipping responses of the 18,000—TEU containership in
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Fig. 3.39 Comparison of performances of wedge approximation and GWM for the
18,000-TEU containership (head sea, T=14.0 s, H=12.2 m, 5.0 knots)
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Fig. 3.41 Comparison of fully coupled and decoupled analyses for the 18,000-TEU
containership (head sea, T=14.0 s, H=12.2 m, 5.0 knots)
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Fig. 3.42 Comparison of fully coupled and decoupled analyses for the 18,000—-TEU
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Fig. 3.43 Green water impact on the deck of the 10,000—TEU containership
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Fig. 4.8 Long—term analysis procedure for extreme load
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Fig. 4.9 Relationship between incident wave and linear and nonlinear vertical
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Fig. 4.10 Reduction of a full time series of incident wave
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Fig. 4.11 Nonlinear VBMs in candidate design waves
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Fig. 4.12 Flow diagram of SHAP
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gre] ok (Vp): 7] mlZ

(1) fluid modeling, (2) structural modeling, (3) long-term fatigue analysis

1) PS:

A 4

A

A 4

2) SD: fluid modeling

2) SD: structural
modeling

2) SD: long-term
fatigue analysis

2.1) RS: excitation force
of springing and whipping

2.1) RS: estimation of hot-
spot stress including
springing and whipping

2.1) RS: estimation of
linear and nonlinear
contributions to fatigue
loads

2.2) ML: (1) CFD,
(2) 3-D BEM+2-D GWM

2.3) EA (S,):
(1) 0.005, (2) 0.5

2.4) SP: BEM+GWM

2.5) VP: convergence tests
on mesh and time step
sizes

2.2) ML:
(1) beam+local model,
(2) 3-D FEM+modal,
(3) 3-D FEM+direct

2.2) ML: (1) fully direct,
(2) direct w/ interpolation,
(3) hybrid

2.3) EA (Sp):
(1) 2.5, (2) 1, (3) 0.001

2.3) EA (T,): (1) 243,
(2) 57, (3) 69

2.4) SP: 3-D FEM+modal

2.4) SP: fully direct

2.5) VP: convergence tests
on mesh sizes and number
of modes

2.5) VP: convergence test
on discretization of wave
frequency and simulation

time

y

T,=(1/0.5+1)x243=729 hours=30 days

3) CA:

T,=729/(81x1)=9 hours

Fig. 4.13 Application of SHAP to long—term fatigue analysis
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4)PC

Define Operational Conditions

y

Generate Numerical Models

Perform Nonlinear Seakeeping
Analysis in All Operational
Conditions

Perform Convergence Tests on

Calculate Hot-Spot Stress
Fluid and Structural Meshes using Modal Superposition

Perform Convergence Tests on

Calculate Fatigue Damages
Stress Estimation using Rainflow Method

Perform Convergence Tests on .
Accumulate Fatigue Damages
Irregular Response

A 4

Fig. 4.14 Result of SHAP for long—term fatigue analysis
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1) PS:
(2) fluid modeling, (2) structural modeling, (3) long-term extreme value analysis

A 4 A Y
2) SD: fluid modeling 2) SD: structural 2) SD: long-term
modeling extreme load analysis

2.1) RS: estimation of
linear and nonlinear
contributions to extreme

2.1) RS: estimation of
VBM including springing
and whipping

2.1) RS: excitation force
of springing and whipping

load

2.2) ML: (1) CFD, 2.2) ML: 2.2) ML: (1) contour line
(2) 3-D BEM+2-D GWM (i) beam. method, (2) coefficient of
(2) 3-D FEM+modal contribution method, (3)

2.3) EA (Sy): design wave method

(1) 0.005, (2) 0.5
2.3) EA(Sy): 2.3) EA (T): (1) 189,
1)25,(2)1 (2) 48, (3) 1281

2.4) SP: BEM+GWM

2.4) SP: design wave
method

2.4) SP: 3-D FEM+modal

2.5) VP: convergence tests
on mesh and time step
sizes

2.5) VP: convergence test
on number and length of
candidate design waves

2.5) VP: convergence tests
on mesh sizes

y
3) CA:
T.=(1/0.5+1)x1281=3843 hours=160 days
T,=160/(81x1)=2 days
Fig. 4.15 Application of SHAP to long—term extreme load analysis
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4)PC

Perform Convergence Tests on
Time and Number of
Candidates for Design Waves

v v

Predict Linear Extreme
Generate Numerical Models Response and Generate
Candidates for Design Waves

v !

Perform Nonlinear Seakeeping
Analysis with Candidates for
Design Waves

y v

Perform Linear Seakeeping Extract Nonlinear Extreme
Analysis and Obtain RAO Load

A\ 4

Define Operational Conditions

Perform Convergence Tests on
Fluid and Structural Meshes

Fig. 4.16 Result of SHAP for long—term extreme load analysis
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Table 5.1 Principal dimensions of

the ultra large containership (full scale)

Item Value

LBP 350.0m

Breadth 48.2m

Draft at FP and AP (full load condition) 145m

Displacement (full load condition) 169692 tons

VCG (full load condition) 21.44m
LCG (full load condition) 170.48 m
Natural freq. of VB (wet mode) 0.48 Hz

Damping ratio of VB (wet mode)

0.9% of critical damping.
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Table 5.2 Number of occurrences of sea states and operational conditions for the

ultra large containership in the North Atlantic Ocean
Z(s) Speed Headin
55 6.5 7.5 8.5 9.5 105 | 115 | 125 | 13.5 | Total (kts) g angle
Hs( (deg)
15 986 | 4976 | 7738 | 5569 | 2375 | 703.5 | 160.7 | 30.5 5.1 [22545| 27.0 180
25 [1975| 2158 | 6230 | 7449 | 4860 | 2066 | 644.5 | 160.2 | 33.7 [23800| 27.0 180
3.5 34.9 | 695.5| 3226 | 5675 | 5099 | 2838 | 1114 | 337.7 | 84.3 |19104| 27.0 180
4.5 6 196.1 | 1354 | 3288 | 3857 | 2685 | 1275 | 455.1 | 130.9 | 13248 | 25.5 180
55 1 51 [498.4 | 1602 | 2382 | 2008 | 1126 | 463.6 | 150.9 | 8284 | 24.0 180
6.5 0.2 12.6 | 167.0 | 690.3 | 1257 | 1268 | 825.9 | 386.8 | 140.8 | 4750 | 22.0 180
7.5 0 3 52.1 | 270.1 |594.4 | 703.2 | 524.9 | 276.7 | 111.7 | 2536 | 20.0 180
8.5 0 0.7 154 | 97.9 | 255.9 | 350.6 | 296.9 | 174.6 | 77.6 | 1269 | 17.5 180
9.5 0 0.2 4.3 33.2 |101.9|159.9|152.2| 99.2 | 48.3 |599.2 | 15.0 180
Total | 1225 | 8093 |19285|24677|20785|12783 | 6120 | 2384 | 783.3 | 96138
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Fig. 5.1 A set of hydrodynamic models for the ultra large containership (left: linear
panel model, middle: nonlinear body panel model, right: slamming model)
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Fig. 5.2. The full ship FE model with local fine mesh of the ultra large containership

Fig. 5.3 Rod elements on the edge of hatch corner at mid—ship
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Table 5.3 Mode shapes and natural frequencies of the containership in dry mode

Mode ID Mode shape Freq. [Hz]
7 1-Tor 0.43
8 2-HB+2-Tor 0.53
9 2-VB 0.64
10 3-HB+3-Tor 0.95
11 3-VB+LB 1.23
12 4-HB 1.35
13 LB 1.36
14 4-VB+LB 1.48
15 3-VB+LB 1.53

Fig. 5.4 Eigenvectors of the containership (top: 9—th mode, middle: 11-th mode,
bottom: 15-th mode)
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x=0.51L from AP ‘ x=0.63L from AP
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Fig. 5.7 Stress evaluation points near the mid—ship (x=0.51L from AP) and the
accommodation deck (x=0.63L from AP)
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Fig. 5.8 Time series of hot—spot stress on hatch corner at x=0.51L from AP (head
sea, T,=7.5 s, Hs=5.5 m, 24.0 knots)

-2.0E+01

& 0.0E+00 25 Modes
=, 50 Modes
»n 90 Modes
8 100 Modes
0

T234 236 238 240 242 244
Time [s]

Fig. 5.9 Time series of hot—spot stress on hatch corner at x=0.63L from AP (head
sea, T,=7.5 s, H=5.5 m, 24.0 knots)
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Benasciutti-Tovo, Dirlik &2 A0Skt WA Wirsching-Light 2@

o2 Zh (Wirsching et al., 1980; Benasciutti and Tovo, 2004).

D Zl(gvm)DNB (5.3)
A(.m)=a(m)+{1-a(m)}(1-&)"" (5.4)
a(m)=0.926-0.033m, b(m)=1.587m—2.323 (5.5)
A7NeNA g=1-af & AMEDE fetule], a, =4, /o, & NIZ 5

ghajgolt), th& o2 Benasciutti-Tovo RE-L theyt Zt}h (Benasciutti

and Tovo, 2004).

DBT = bBT DNB + (1_ bBT ) DRC (5.6)
DRC ~ DNBa?_l (5.7)
b = min(a1 —% ,1}

% (5.8)

npzjete 2 Dirlik 2ee o3y 2t (Dirlik, 1985).
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2 1—R 3 1 2 (511>
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D, ’ 1-a,-D, +D} (5.12)
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Fatigue Damage

Fatigue Damage

(b) Wideband Benasciutti-Tovo model
Fig. 5.10 Fatigue damage obtained by spectral fatigue analysis
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Fatigue Damage

Fig. 5.11 Fatigue damage obtained by direct fatigue analysis

Table 5.4 Long—term fatigue damages obatined by narrowband and wideband

spectral models
Wirsching-Light Benasciutti-Tovo
model model
33.2 24.6 25.5 26.6

Narrowband model Dirlik model
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Fig. 5.12 Selection of fatigue—dominant operational conditions for partially direct
fatigue analysis with interpolation
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Fig. 5.13 Selection of nonlinearity—dominant operational conditions for hybrid
fatigue analysis

Table 5.5 Long—term fatigue damage for the different fatigue analysis methods
Direct fatigue

Spectral fatigue Direct fatigue L= Hybrid fatigue
Method analysis analysis zfmaly5|s W'th analysis
interpolation
Fatigue damage 255 47.4 37.9 39.9
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Abstract

Study on Computational Analysis of Wave—
Induced Fatigue and Extreme Loads

on Hydroelastic Ship Structures

Jung—Hyun Kim
Department of Naval Architecture and Ocean Engineering
The College of Engineering

Seoul National University

Ship hydroelasticity causes wave—induced vibration referred to as springing
and whipping. In the 1950s, it got much attention of researchers due to fagitue
cracks of the Great Lakes bulk carriers. The cracks grew much faster than
expected due to springing. In late 2000s, the size of containerships drastically
increased to meet heavy demands for transportation. As a result, natural
frequencies of containerships become lower and it lead to high occurrence
probability of springing. In addition, the containerships are exposed to
whipping due to slamming on a broad bow flare.

Large containerhips should be designed with precise consideration of
springing and whipping for safety and efficient structural design. However,

most of current seakeeping analysis methods for sequential structural analysis
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are based on a linear and rigid—body motion. Recently, many hydroelastic
approaches have been developed for seakeeping analysis and sequential
structural analysis. From the view point of seakeeping analysis, it is important
to consider nonlinear fluid forces. However, it is difficult to use nonlinear
hydroelastic responses in structural analysis because those are typically
obtained in the form of time series. Thus, it is needed to develop a nonlinear
hydroleastic method including both seakeeping and structural analyses.

The thesis focues on development of a nonlinear hydroleastic method
applicable to ship design process. First, a seakeeping analysis method is
developed to predict a nonlinear hydroelastic response. It starts from
enhancement of a beam—based method. A 2-D analysis method of cross—

section and correction for discontinuous structure are successfully applied to

a real ship. However, it is not adequate for analysis of local structural response.

Next, a 3-D FE model is used for the hydroelastic seakeeping analysis instead
of the beam model. In order to reduce degrees of freedom of the 3-D FE
model, modal decomposition approach is adopted. For lower natural modes
including rigid—body motions, a dynamic coupled anlayis is performed and
obtain springing and whipping responses. On the other hand, a quasi—static
decoupled analysis is performed for higher natural modes and obtain
structural responses.

Numerical results are compared with experimental results for validation of
the analysis method. In regular waves, good agreement is observed between
springing and whipping of numerical and experimental results. Hydroelastic
responses under various environmental conditions are compared and their

characteristics are investigated. In addition, a problem in structural modeling
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of real ship are handled and a reasonable solution is drawn.

In order to apply the validated numerical method to ship design process, a
general procedure is constructed and reviwed. It is hard to predict a reliability
of the final result and an efficiency of the entire process because each step is
not systematically related with each other in the procedure. SHAP (Ship
Hydroelasticity Analysis Procedure) is proposed for enhancement of efficiency
and reliability. SHAP explicitly requires steps for validation and CPU-time
assessment. SHAP is applied to long—term fatigue and extreme load
assessment.

Long—term fatigue and extreme loads on an ultra larger containership are
estimated using the above methods. In the fatigue load assessment, spectral,
fully direct, and partially direct methods are applied and the results are
compared. In the extreme load assessment, a design wave method is modified
to consider multiple candidates for design waves and the modified method is
applied. Validities of the long—term analysis methods are discussed.

In the thesis, the entire process from numerical modeling for seakeeping
analysis to structural load assessment is handled. The methods and procedures
of the thesis could be directly applied to ship design because most of practical

problems are included.

Keywords: Ship Hydroelasticity, Springing, Slamming, Whipping, Fatigue
load, Extreme load, Procedure

Student Number: 2010-31027
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